The influence of El Niño-Southern Oscillation (ENSO) on the East Asian-western Pacific (EAWP) climate in boreal winter is investigated in the phase 5 of the Coupled Model Intercomparison Project (CMIP5) model results and then compared to that in the phase 3 (CMIP3) results. In particular, the role played by the differences among models in ENSO properties, including the amplitude and longitudinal extension of ENSO's sea surface temperature (SST) pattern, is analyzed. Results show that an eastward shrinking of ENSO's SST pattern leads to quite weak circulation and climatic responses over the EAWP regions in the models. On the contrary, a westward expansion of the SST pattern shifts the anomalous Walker circulation too far west. The resultant precipitation anomalies and lower-tropospheric atmospheric Rossby wave responses both extend unrealistically into the Indian Ocean, and the hemispheric asymmetry of the Rossby wave response is missing. All these features lead to unrealistic climatic impacts of ENSO over the EAWP regions. In contrast to the above two cases, a reasonable longitudinal extension of ENSO's SST pattern corresponds to better ENSO teleconnections over the EAWP regions. Nevertheless, the atmospheric responses over the western Pacific are still located farther west than observed, implying a common bias of CMIP5 models. In this case, a larger amplitude of ENSO variability to some extent helps to reduce model biases and facilitate better climatic responses to ENSO in the EAWP regions. Compared with CMIP3 models, CMIP5 models perform better in representing ENSO's impacts on the East Asian winter climate.
Introduction
El Niño-Southern Oscillation (ENSO) is a dominant interannual mode of climate variability that originates from ocean-atmosphere interactions in the tropical Pacific (Rasmusson and Carpenter 1982) . Its basin-scale sea surface temperature (SST) anomalies not only induce significant changes in the tropical climate but also affect the extratropical climate through atmospheric teleconnections (e.g., Lau and Nath 1996; Trenberth et al. 1998) . For example, ENSO can influence the climate of North America (Horel and Wallace 1981; Zhu et al. 2013) , East Asia (Zhang et al. 1996; Chen et al. 2000; Wang et al. 2000) , Oceania (Power et al. 1999; Cai et al. 2001) , South Asia (Webster and Yang 1992) , and even Atlantic and Europe (Brönnimann 2007; Li and Lau 2012) , and such impacts can be partly reproduced in numerical models (e.g., Catto et al. 2012; Weare 2013; Gong et al. 2014; Hurwitz et al. 2014; Lee et al. 2014) .
The East Asian-western Pacific (EAWP) climate is significantly influenced by ENSO in boreal winter. The East Asian winter monsoon (EAWM) tends to be weak (strong) during El Niño (La Niña) winters, with widespread warming (cooling) and more (less) precipitation observed in subtropical East Asia (Li 1990; Chen et al. 2000; Wang and Feng 2011; Chen et al. 2013; Huang et al. 2012 ; J.-Y. Lee et al. 2013; Wang and Chen 2014) . Although these climate anomalies are not exactly symmetric, they broadly have opposite signs in El Niño and La Niña winters (e.g., Zhang et al. 2015) . The key system that realizes these impacts is an anomalous lower-tropospheric anticyclone or cyclone around the Philippine Sea (Wang et al. 2000) and the associated meridional wind anomalies along the coasts of East Asia (Zhang et al. 1996) . This anomalous anticyclone (cyclone) is generated via the atmospheric Rossby wave response to the convective cooling (warming) anomalies around the western tropical Pacific associated with ENSO (Zhang et al. 1996; Wang et al. 2000; Feng et al. 2010) , with additional contributions from the Indian Ocean SST (Watanabe and Jin 2002) . In contrast to East Asia, Australia often experiences a warm (cool) and dry (wet) summer during the mature phase of El Niño (La Niña) in boreal winter (Power et al. 1999; Cai et al. 2010) .
The influences of ENSO on the EAWP climate have been studied extensively for boreal summer (e.g., Huang and Wu 1989; Wang et al. 2003; Wu et al. 2009; Xie et al. 2009; Feng et al. 2011 Feng et al. , 2014 ; J.-Y. ; S.-S. Yuan and Yang 2012) , but less so for boreal winter, especially with numerical models. Coupled models may perform better than atmospheric general circulation models in simulating the teleconnection of ENSO over East Asia and the western Pacific in boreal winter (Jiang et al. 2013) . Recently, the outputs from phase 5 of the Coupled Model Intercomparison Project (CMIP5) were released (Taylor et al. 2012) . Compared with phase 3 (CMIP3) models, CMIP5 models have higher spatial resolutions and better representations of the Earth system. Based on 18 CMIP5 models, Gong et al. (2014) evaluated the influences of ENSO on the EAWM. They suggested that the representation of the ENSO-EAWM relationship in CMIP5 models depends on two key factors: the amplitude and the spatial structure of ENSO's SST pattern in the tropical central and eastern Pacific. However, some important issues remain open, such as whether the proposed two factors are sufficient for capturing the impacts of ENSO on the EAWP winter climate in CMIP5 models and what processes (if any) are responsible for the different climate impacts.
The present work is an extension of Gong et al. (2014) and aims to address the above two questions in detail. Here, 36 CMIP5 models are analyzed and briefly compared with 20 CMIP3 models. Section 2 describes the data and methodology, and section 3 groups the CMIP5 models according to ENSO properties. The ENSO teleconnection and its climatic impacts over East Asia and the western Pacific in boreal winter are discussed in section 4 using the CMIP5 model results and then briefly compared with CMIP3 model results in section 5. A summary of the key findings and further discussion are provided in section 6.
Data, model description, and analysis methods

a. Data
The SST data used in this study are from the monthlymean Extended Reconstructed SST version 3 (ERSST. v3) dataset (Smith et al. 2008) , which has a horizontal resolution of 28 3 28 and covers the period from January 1854 to the present day. The observational proxies of monthly-mean atmospheric variables are from the 40-yr European Centre for Medium-Range Weather Forecasts Re-Analysis (ERA-40) dataset (Uppala et al. 2005) , which spans the period September 1957-August 2002. The ERA-40 dataset has a horizontal resolution of 2.58 3 2.58 and extends from 1000 to 1 hPa with 23 vertical pressure levels. The precipitation reconstruction (PREC) data from the National Oceanic and Atmospheric Administration (NOAA) are used as the global precipitation proxy (Chen et al. 2002) . These data provide monthly precipitation anomalies in a 2.58 3 2.58 grid starting from January 1948. In addition, the precipitation data from the monthly-mean Global Precipitation Climatology Project (GPCP) (Huffman et al. 2009 ) and Climate Prediction Center Merged Analysis of Precipitation (CMAP) (Xie and Arkin 1997) are also employed, which are both available in a 2.58 3 2.58 grid since January 1979. Hereinafter, the results based on the above data are referred to as ''observations.''
b. Model description
Brief descriptions of the 36 CMIP5 and 20 CMIP3 models including their modeling centers and horizontal and vertical resolutions are listed in the appendix (Tables A1 and A2 , respectively). In this study, the historical experiment was employed, and only one realization was analyzed for each model. To compare the model results with observations, the atmospheric variables and precipitation from model outputs have been bilinearly interpolated to a resolution of 2.58 3 2.58, and the SST data from model outputs have been interpolated to a resolution of 28 3 28.
c. Analysis methods
Two types of ENSO were identified with different climate impacts (Ashok et al. 2007) . In this study, the conventional ENSO is considered so that the Niño-3 index (i.e., area-averaged SST anomalies in 58S-58N, 1508-908W) is used to measure the intensity of ENSO. The strength of the EAWM is represented by an index defined as the area-averaged 1000-hPa meridional winds along the east coast of China (108-358N, 1158-1308E) (Ji et al. 1997) . The sign of the EAWM index is then reversed so that the positive (negative) index corresponds to strong (weak) EAWM. In Gong et al. (2014) , the EAWM index defined on the basis of near-surface winds (Chen et al. 2000) was used, but the index on the basis of 1000-hPa winds is used here because the data for nearsurface winds are not available in about half of the CMIP5 and CMIP3 models analyzed in this study. According to the assessment of Wang and Chen (2010) , the representations of the EAWM's properties based on the two indices are quite similar. Regression of the normalized Niño-3 index is used to represent the anomalies associated with ENSO in boreal winter. Note that, in observations, both the teleconnection and the impact of El Niño on the EAWM are not exactly symmetric to those of La Niña because of the asymmetry of ENSO (e.g., Zhang et al. 2015) . However, the CMIP5 models tend to produce much more symmetric features of ENSO compared with observations (Zhang and Sun 2014) . Therefore, the linear regression method used here is mostly valid, although we need to keep in mind the asymmetric features of ENSO in reality.
The multimodel ensemble (MME) is calculated by simply averaging the variables over all the models with equal weighting. For example, the MME of a regression pattern is the average of all models' corresponding regression patterns. The confidence level is evaluated by a two-tailed Student's t test for each model. Where the confidence level of the MME is concerned, the t value of each model is first calculated and then averaged among all the models involved. The averaged t value is then used to evaluate the confidence level of the MME pattern. As shown in the following sections, the sample size of certain groups of models are sometimes small (Table  1) , so the significance of regression patterns in the MME was also evaluated with the signal-to-noise ratio method (Lee and Wang 2014) , and almost the same results were obtained (not shown).
Unless explicitly stated, the analyses of observations and CMIP5 model results are for 1971-2000, which is the period when most of the high-quality data are available. Here, the 1971 winter refers to the 1970/71 winter. The analysis of CMIP3 model results is based on the period 1970-99 because of data availability. Because the PREC dataset covers the period 1971-2000 but only provides precipitation anomalies, the average of CMAP and GPCP precipitation in the period 1979-98 is used as the precipitation climatology to calculate the precipitation anomaly percentage. In this study, we focus on the interannual relationship. Therefore, all the original data are linearly detrended over the period 1971-2000 for observations and CMIP5 models and over the period 1970-99 for CMIP3 models. Winter means are constructed by averaging monthly-mean data of December-February (DJF).
Grouping CMIP5 models according to ENSO properties
In Gong et al. (2014) , two factors were introduced to reflect the basic features of ENSO in CMIP5 models for boreal winter. One was the interannual standard deviation of the winter-mean Niño-3.4 index (F STD ) and the other was the number of grid points whose regressed winter-mean SST anomalies upon the simultaneous Niño-3.4 index exceed 0.6 K in the tropical central and eastern Pacific (88S-88N, 1808-1108W) (F GRIDS ). In this study, the Niño-3.4 index is replaced by the Niño-3 index to calculate F STD because we focus on conventional ENSO. Accordingly, the area counting grids for F GRIDS also needs to shift eastward, and is therefore modified to 88S-88N, 1608-858W. Despite these differences between the present study and Gong et al. (2014) , the main conclusions reported in the following sections are not affected (see section 6 for further discussion).
The correlation coefficient between the Niño-3 index and the EAWM index is 20.7 in observations, exceeding the 99% confidence level. Almost all the CMIP5 models capture this negative relation, despite being lower than observations, except CanCM4, MIROC-ESM, and MRI-CGCM3, which show weak positive correlations of 0.09, 0.07, and 0.05, respectively. Half (18 out of 36) of the CMIP5 models capture the strong link between the TABLE 1. Number of CMIP5 models in each group according to F EXT and F STD .
Niño-3 and EAWM indices, with correlation coefficients exceeding the 95% confidence level. Figure 1a shows a scatter diagram in which the x and y axes represent F STD and the correlation coefficient between the Niño-3 and EAWM indices, respectively, based on observations and 36 CMIP5 models. The figure reveals that larger ENSO variability (i.e., larger F STD ) tends to correspond to a better ENSO-EAWM relationship in most of the CMIP5 models. The correlation coefficient between the x and y variables is 20.49 (Fig. 1a ), exceeding the 99% confidence level. When F STD is replaced with F GRIDS , a similar conclusion can be drawn: that is, a better ENSO pattern in the tropical eastern Pacific (i.e., larger F GRIDS ) tends to correspond to a closer ENSO-EAWM relationship, with the correlation coefficient also being 20.49 (Fig. 1b ). All these results are consistent with Gong et al. (2014) , although more models were employed and slightly different definitions were used in F STD and F GRIDS .
It is important to note that the two factors (i.e., F STD and F GRIDS ) to a large extent reflect the same properties of ENSO. For example, taking F STD . 0.9 as the criterion, 20 out of 36 CMIP5 models are selected, and, taking F GRIDS . 178 as the criterion, 21 are selected, among which 18 models are in both groups. In addition, the correlation coefficient between F STD and F GRIDS reaches as high as 0.9 in the 36 CMIP5 models. Therefore, the two factors could be simplified into one. Factor F STD is employed because it is easy to calculate the standard deviation of the Niño-3 index. On the other hand, a closer inspection reveals that, despite large F STD and F GRIDS , the ENSO-EAWM relationship is very weak in some models (e.g., in the bottom-right corner of Figs. 1a, b) . This result suggests that the amplitude of ENSO variability alone may not be sufficient to explain the different ENSO-EAWM relationships among CMIP5 models and that other factors could be responsible. Recent studies suggest that the ENSO pattern often extends too far into the western Pacific in some CMIP5 models (Bellenger et al. 2014; Taschetto et al. 2014 ), which in turn modulates activities of convection and tropical cyclones over the western Pacific (Weller and Cai 2013) . Meanwhile, our analysis also shows an excessive westward extension of ENSO's SST pattern in the models in the bottom-right corner of Figs. 1a,b (e.g., CanCM4 and CCSM4) compared with observations (not shown). Therefore, another important question is whether the longitudinal extension of ENSO's SST pattern could influence the relationship between ENSO and the wintermean EAWP climate.
Based on the above consideration, a new factor that represents the longitudinal extension of ENSO's SST pattern (F EXT ) is defined as the western longitude of 0.6-K SST anomalies regressed upon the Niño-3 index at the equator in boreal winter. Figure 1c shows a scatter diagram in which the x and y axes represent F EXT and the correlation coefficient between the Niño-3 and EAWM indices, respectively, based on observations and 36 CMIP5 models. The figure reveals that the observed F EXT is 1808 and that the closer the western longitude of the modeled ENSO pattern is to observations (red dot in Fig. 1c) , the higher the ENSO-EAWM correlation is. This result is further confirmed by the correlation analysis with the absolute longitudinal difference between models and observations as one variable and the correlation coefficient between the Niño-3 and EAWM indices as the other variable. The correlation coefficient is 0.43 for the 36 CMIP5 models, exceeding the 95% confidence level. All these results suggest that the longitudinal extension of ENSO's SST pattern could indeed influence the ENSO teleconnection to the East Asian climate in CMIP5 models.
The correlation coefficient between F EXT and F STD is 20.4, exceeding the 95% confidence level. On one hand, this result indicates that a greater westward extension of ENSO's SST pattern broadly corresponds to larger ENSO variability; on the other hand, the relatively low correlation coefficient suggests that the two factors are to some extent independent of each other, which is confirmed by the fact that approximately half of the CMIP5 models with large westward F EXT do not have large ENSO variability ( Fig. 1d and Table 1 ). More importantly, F EXT and F STD are not necessarily related because they reflect quite independent aspects of ENSO properties that do not have direct physical connection. Therefore, F EXT can be employed as an independent factor to investigate the possible influence of ENSO properties on the EAWP winter climate.
Based on the longitudinal extension of ENSO's SST pattern (F EXT ), the 36 CMIP5 models are grouped into three categories: west extension (WE; F EXT , 1708E), normal extension (NE; 1708E # F EXT # 1708W), and east extension (EE; F EXT . 1708W).
1 Based on the amplitude of ENSO variability (F STD ), the 36 models can also be grouped into three categories: large variability (LV; F STD . 1.2 K), normal variability (NV; 0.9 K # F STD # 1.2 K), and small variability (SV; F STD , 0.9 K).
2 A combination of the above two aspects results in nine groups (Table 1) : WE1LV, WE1NV, WE1SV, NE1LV, NE1NV, NE1SV, EE1LV, EE1NV, and EE1SV. Note that none of the models fall into the EE1LV group. Therefore, in the following analysis, ENSO teleconnections in eight groups of CMIP5 models are investigated and compared with observations for boreal winter, where the ENSO teleconnection pattern is defined as the regression coefficients of a climatic variable onto the normalized Niño-3 index (Yang and DelSole 2012).
Teleconnections and climatic impacts of ENSO over the EAWP
a. Teleconnections Figure 2a shows the observed winter-mean SST anomalies and 850-hPa wind anomalies associated with ENSO. Significant warm SST anomalies are observed in the tropical central and eastern Pacific, the tropical Indian Ocean, and along the east coast of East Asia, while cold SST anomalies are observed over the western North Pacific and subtropical Pacific. The resultant SST dipole with cold (warm) SST to the east (west) of the Philippines facilitates suppressed convection and diabatic cooling over 1 We allow a buffer of 108 centered at the observed F EXT (1808) to define the NE group. Almost identical results were obtained if the buffer was slightly wider (e.g., 128; not shown). However, some results did not hold if the buffer was too narrow (e.g., 88; not shown), likely because of the resultant small sample of the NE group.
2 The observed F STD is 1.14 K, while two-thirds of the models underestimate this value with the MME of all F STD being 0.96 K. Therefore, we take the average of the two values (i.e., 1.05 K) as the base point and allow a buffer of 0.15 K to define the NV group. Almost identical results were obtained if a wider buffer (e.g., 0.2 K) was used or the observed F STD was used as the base point (not shown). However, some results did not hold if the buffer was too narrow (e.g., 0.1 K; not shown), likely because of the resultant small sample of the NV group. the tropical western Pacific. This convective cooling excites an atmospheric Rossby wave response and forms an anomalous anticyclone in the lower troposphere around the Philippines (Zhang et al. 1996) , which is the key system through which ENSO influences the East Asian winter climate, known as the Pacific-East Asia teleconnection (Wang et al. 2000) . In the Southern Hemisphere, an anomalous lower-tropospheric anticyclone is observed to the west of Australia, which is one of the key systems through which ENSO influences the Australian summer climate (e.g., Wang et al. 2003; Cai et al. 2010) .
The warm SST in the tropical Pacific and Indian Ocean can be reproduced, albeit with different strength, in all the eight groups of CMIP5 models (Figs. 2b-i) , while the cold SST in the western North Pacific is very weak in the EE group (Figs. 2b,c) . Accordingly, the 850-hPa wind responses (Figs. 2b,c ) and precipitation anomalies (not shown) over the western Pacific are very weak in the EE group because of the insufficient strength of anomalous SST and the resultant convective cooling. On the other hand, the 850-hPa wind responses over the western Pacific are also very weak in the NE1SV and WE1SV groups (Figs. 2f,i) . Although the SST patterns in the two groups are more reasonable than those in the EE group, the small variability of ENSO is not strong enough to induce a precipitation change and excite a Rossby wave response over the western North Pacific (Gong et al. 2014) . For the remaining four groups (NE1LV, NE1NV, WE1LV, and WE1NV), the SST and wind anomalies have comparable magnitude to observations over the western Pacific (Figs. 2d,e,g,h) . Therefore, these four groups are examined in detail in the following part of this paper.
In the NE1LV and NE1NV groups, the ENSO-related SST pattern is captured well, with a reasonable longitudinal extent of warm SST anomalies in the tropical Pacific and warm (cold) SST anomalies to the west (east) of the Philippines (Figs. 2d,e) . Accordingly, an anomalous lowertropospheric anticyclone that resembles observations is observed around the Philippines, with significant southwesterly wind anomalies present over the South China Sea and along the coast of East Asia. In the Southern Hemisphere, a zonally elongated anticyclone is observed to the west of Australia, quite similar to observations. The SST pattern and 850-hPa wind anomalies show better resemblance to observations in the NE1LV group (Fig. 2d ) than in the NE1NV group (Fig. 2e) , implying that larger ENSO variability tends to facilitate better teleconnection over the western Pacific when the western extension of ENSO's SST pattern is close to observations. In contrast, in the WE1LV and WE1NV groups the SST pattern in the tropical region is shifted westward compared with observations. Cold SST anomalies occupy the South China Sea and even the Bay of Bengal part of the northern Indian Ocean, where in reality there should be warm SST (Figs. 2g,h) . Consequently, the anomalous lower-tropospheric anticyclone shifts westward, and the South China Sea is occupied by northerly wind anomalies, opposite to observations (Figs. 2g,h ). In addition, Table 1 for a definition of the groups and section 2c for the procedures used to derive the figures.
excessively cold SST anomalies are observed along the west coast of Australia, and the accompanying anticyclone is also shifted slightly westward. All these results suggest that the excessive westward extension of ENSO's SST pattern leads to an unrealistic westward shift of lower-tropospheric wind anomalies.
To further understand the atmospheric responses to these different SST configurations, the divergent and rotational circulations as well as precipitation are examined (Fig. 3) . During the mature phase of warm ENSO, the observed 200-hPa velocity potential shows anomalous divergence to the east of 1808, convergence Table 1 for a definition of the groups and section 2c for the procedures used to derive the figures.
over the Maritime Continent centered to the east of the Philippines at about 88N, and a secondary convergence center to the east of Japan (Fig. 3a) . The resultant anomalous ascending motion over the tropical central and eastern Pacific facilitates more precipitation, while the anomalous descending motion over the tropical western Pacific favors less precipitation (Fig. 3a) . The centers of the precipitation anomalies coincide nicely with the centers of upper-level convergence and divergence. As a result, the suppressed precipitation and diabatic heating excite a direct Rossby wave response (Zhang et al. 1996; Wang et al. 2000; Feng et al. 2010) and trigger a pair of lower-tropospheric off-equatorial anomalous anticyclones over the western North Pacific and southern Indian Ocean (Fig. 3f) , respectively. In the four groups of CMIP5 models, the pattern of tropical precipitation is roughly reproduced and generally follows that of SST (Figs. 2d, e, g, h) . There are two common biases of precipitation in the four groups. One is the enhanced precipitation belt along the equator over the Maritime Continent, which seems to be a common bias in most coupled general circulation models, arising from the air-sea interactions via Bjerknes feedback (Li and Xie 2014) . The other is the westward-extended (eastward-extended) off-equatorial belt of suppressed precipitation over the northern and southern Indian Ocean (tropical Pacific along ;108N), which seems to be the embodiment of the double ITCZ problem in the anomalous precipitation field.
In response to the precipitation anomalies, the uppertropospheric divergent circulation can be broadly reproduced in the four groups of models (Figs. 3b-e) . It is noteworthy that the center of the anomalous velocity potential around the Maritime Continent is located at least 108 farther west than in observations, even in the NE1LV and NE1NV groups, which reproduce reasonable westward extension of ENSO's SST pattern (Figs. 3b,c) . This bias, which is more severe in the WE1LV and WE1NV groups (Figs. 3d,e) , is coupled with unrealistic westward-extended off-equatorial belts of suppressed precipitation over the South China Sea and eastern Indian Ocean, indicating a possible origin from precipitation biases. As a result, the Rossby wave responses in the lower troposphere shift westward, especially in the Northern Hemisphere. The center of the anticyclone around the Philippines is located over the South China Sea in the NE1LV and NE1NV groups, which is roughly similar to observations (Figs. 3g,h ), while it is located over the northern Indian Ocean in the WE1LV and WE1NV groups, which is quite different from observations (Figs. 3i,j) . The convergence center to the east of Japan (Fig. 3a) is captured well in the NE1LV and NE1NV groups (Figs. 3b,c) but is shifted westward from Japan in the WE1LV and WE1NV groups (Figs. 3d,e) .
Another important feature of the atmospheric response to ENSO over the western Pacific is its asymmetry about the equator arising from topography and the configurations of the basic wind field (Wang et al. 2003) . The observed velocity potential and precipitation anomalies are much stronger over the western North Pacific than over the western South Pacific (Fig. 3a) ; hence, the lower-tropospheric anticyclone in the western North Pacific is stronger than its counterpart in the Southern Hemisphere (Fig. 3f ). This feature is successfully captured in the NE1LV and NE1NV groups, especially in the NE1LV group (Figs. 3b,c,g,h) , whereas it is poorly reproduced in the WE1LV and WE1NV groups (Figs. 3d,e,i,j) . The poor performance in the latter two groups could be attributable to the homogeneous lower boundary and the biased symmetric precipitation anomalies over the Indian Ocean where the descending branch of anomalous Walker circulation is located as a result of the excessive westward extension of ENSO's SST pattern.
b. Climatic impacts on East Asia and Australia
During the mature phase of El Niño, warm anomalies are observed along the coasts of East Asia and over the Maritime Continent and Australia (Fig. 4a) , facilitating a weak EAWM (Li 1990; Chen et al. 2000) and hot Australian summer monsoon (Jeong et al. 2012 ). This feature is best reproduced in the NE1LV group, albeit with an unrealistic warming that is much stronger than observations over the Siberian high regions (Fig. 4b) . In the NE1NV group, the warm anomalies along the coast of East Asia are much weaker than those in observations, and slightly weak cold anomalies are observed over northern China (Fig. 4c) . This difference indicates that, when the westward extension of ENSO's SST pattern is reasonable, large ENSO variability may help to form a more reasonable temperature response along the coast of East Asia and over the western Pacific. In the WE1LV and WE1NV groups, the temperature responses resemble that in the NE1NV group over East Asia, but the unrealistic cooling over northern China and along the coastal seas is much more evident. Note that the observed surface air temperature anomalies are weak and insignificant over East Asia, although the East Asian monsoon is weak in El Niño winters (Fig. 4a) . However, all the CMIP5 models significantly exaggerate these temperature anomalies over East Asia (Figs. 4b-e) . In the Southern Hemisphere, the warm anomalies in Australia show a similar pattern to observations, while the magnitudes of anomalies are much larger in the four groups than in observations and Table 1 for a definition of the groups and section 2c for the procedures used to derive the figures. the problem is more severe in the WE1LV and WE1NV groups (Figs. 4b-e) .
Figures 4f-j show the ENSO-related precipitation anomaly percentage: that is, precipitation anomalies (PREC data) normalized by their climatology (1979-98; average of GPCP and CMAP data). In boreal winter of El Niño, enhanced precipitation is observed over a band stretching from southern China to south of Japan and suppressed precipitation is observed around the Philippines, over the Maritime Continent, and along the northern coast of Australia (Zhang and Sumi 2002; Cai et al. 2010; Feng et al. 2010; Wang and Feng 2011) (Fig. 4f) . In CMIP5 models, the enhanced subtropical precipitation belt over East Asia is captured well in the NE1LV and NE1NV groups, with reasonable location and magnitude (Figs. 4g,h ) due to the well-simulated Philippine anticyclone (Figs. 2d,e) . In contrast, the location of this precipitation belt is located too far north in the WE1LV and WE1NV groups (Figs. 4i,j) because of the northward extension of the northern edge of the anomalous anticyclone (Figs. 2g,h) . Besides, the magnitude of anomalies along the shifted precipitation belt is weaker than in observations. In Australia, the suppressed precipitation is also captured better in the two NE groups than the two WE groups (Figs. 4g-j) , consistent with the simulation of higher temperature (Figs. 4b-e) .
The above results suggest that the excessive westward extension or eastward shrinking of ENSO's SST pattern could lead to an unrealistic response of surface air temperature and precipitation over East Asian and western Pacific regions. To further reveal this effect, we separately calculate the root-mean-square error (RMSE) of the correlation coefficient between the Niño-3 and EAWM indices on the basis of all the models, and the models in the NE group only. The RMSE of the correlation coefficient is reduced from 0.440 to 0.374 (by 15%) if only the NE group is considered ( Table 2 ). This result confirms that the longitudinal extension of ENSO's SST pattern in CMIP5 models can indeed exert strong impacts on the relationship between ENSO and the EAWP climate in boreal winter by modulating the Walker circulation and related atmospheric responses over the western Pacific.
Comparison with CMIP3 models
The question naturally arises as to whether the above conclusion for CMIP5 models is also applicable to CMIP3 models. To address this, we briefly examine the issue in 20 CMIP3 models, focusing on East Asia. A scatter diagram between F EXT and F STD indicates that a larger westward extension of ENSO's SST pattern generally corresponds to larger ENSO variability in CMIP3 models (Fig. 5a) . Nevertheless, the correlation coefficient between the two is only 20.31, suggesting that F EXT and F STD can to a large extent be regarded as two independent factors. This is similar to the situation in CMIP5 models. Figure 5b shows a scatter diagram in which the x and y axes represent F EXT and the correlation coefficient between the Niño-3 and EAWM indices, respectively. There is a tendency that the closer the western longitude of the modeled ENSO pattern is to observations, the tighter the ENSO-EAWM relationship. Taking the same criteria of F EXT to define the NE group, the RMSE of the y-axis variable (i.e., the correlation coefficient between the Niño-3 and EAWM indices) is separately examined on the basis of all the models, and the models in the NE group only. The RMSE of the correlation coefficient is reduced from 0.556 to 0.401 (by 28%) if only the NE group is considered ( Table 2 ), suggesting that a more reasonable longitudinal extension of ENSO's SST pattern in CMIP3 models could better represent the ENSO-EAWM relationship in boreal winter. Figure 5c shows a scatter diagram in which the x and y axes represent F STD and the correlation coefficients between the Niño-3 and EAWM indices, respectively, based on observations and 20 CMIP3 models. The correlation coefficient between the x-and y-axis variables is 20.62, exceeding the 99% confidence level (Fig. 5c ). This relationship suggests that, in general, larger ENSO variability (i.e., F STD ) also corresponds to a better ENSO-EAWM relationship. All these results are consistent with those in CMIP5 models.
It is also important to note that the RMSE in CMIP5 models is smaller than that in CMIP3 models (Table 2 ). This conclusion holds when all models are considered (0.440 versus 0.556), and when models in the NE groups only are considered (0.374 versus 0.401). The difference between the two RMSEs is 26.4% and 7.2% for the two situations, respectively. The clear reduction of RMSE, especially when all models are considered, suggests that overall there is a significant improvement in representing the link between ENSO and EAWM in CMIP5 models compared with CMIP3 models.
Summary and discussion
In this study, the ENSO teleconnection and its impacts on the EAWP climate in boreal winter are Analysis of CMIP5 models suggests that the ENSO teleconnection to East Asia and the western Pacific is very weak when ENSO variability is small or ENSO's SST pattern is too confined in the tropical eastern Pacific. In contrast, the ENSO teleconnections are strong but shifted too far west if the ENSO's SST pattern is located too far west with reasonable amplitude of variability. The descending branch of anomalous Walker circulation and the resultant lower-tropospheric off-equatorial anticyclones shift from the western North Pacific into the northern Indian Ocean. Therefore, unrealistic temperature and precipitation anomalies are observed over East Asia and Australia. On the other hand, the ENSO teleconnections still show a slight westward shift even if the longitudinal extension of ENSO's SST pattern is in a reasonable range, which seems to be a common bias in CMIP5 models. In this case, excessive ENSO variability would significantly improve the performance of ENSO's impacts on the EAWP climate. In CMIP3 models, the amplitude of ENSO variability and longitudinal extension of ENSO's SST pattern can also modulate ENSO's impacts on the EAWP climate, similar to CMIP5 models. Compared with CMIP3 models, CMIP5 models show clear improvement in representing the ENSO-EAWM relationship, although the source of this improvement may be very complex.
An unrealistic longitudinal extent of ENSO's SST pattern is a common bias in coupled general circulation models (T. Lee et al. 2013 ) and may be partly caused by the inability of models to simulate the mean state of SST, the climatological trade winds over the tropical and subtropical Pacific, and the resultant air-sea interactions via Bjerknes feedback (Kim et al. 2014; Magnusson et al. 2013; Li and Xie 2014) . Figure 6 shows the observed climatology of winter-mean SST and 850-hPa winds together with their corresponding model biases in the eight groups. Clear easterly biases are observed in all groups of models over the tropical western and central Pacific (Figs. 6b-i) . In particular, the easterly bias can extend to the tropical eastern Pacific in the WE groups (Figs. 6g-i) . This result implies that the model biases in the basic state may correspond to biases in the mode of interannual variability. For example, the excessive westward extension of ENSO's SST pattern might be related to the surface easterly biases of model climatology in the tropical eastern Pacific, whereas surface easterly biases confined in the tropical western and central Pacific alone might be unable to result in the westward extension of ENSO's SST pattern. Given its significant influences on the western Pacific winter climate, the longitudinal extent of ENSO's SST pattern may need to be taken into account when making projections of future climate for the EAWP regions. On the other hand, although the importance of the longitudinal extent of ENSO's SST pattern for ENSO teleconnection and climatic impacts is suggested in this study, there remains the possibility that other properties of ENSO such as the meridional width of the ENSO pattern (Zhang et al. 2013; Zhang and Jin 2012) may also be influential, and these need to be investigated in the future.
In this study, the Niño-3 index is used to define ENSO. In fact, the analyses were also repeated with the Niño-3.4 index and almost the same results were obtained (not shown). This is because the correlation coefficients between the Niño-3 and Niño-3.4 indices exceed 0.95 in 34 out of the 36 CMIP5 models. Therefore, the categorization of models remains almost the same if the Niño-3 index is replaced by the Niño-3.4 index, implying a relative insensitivity of our results to the choice of ENSO index. On the other hand, the observed El Niño and La Table 1 for a definition of the groups and section 2c for the procedures used to derive the figures.
Niña are asymmetric in both their structures and associated climatic anomalies (e.g., Zhang et al. 2015) . Therefore, the current results derived from linear regression were also compared with those derived from composite analysis in El Niño and La Niña winters. The comparison revealed that a considerable part of the features of El Niño and La Niña in CMIP5 models can be captured by the linear regression method (not shown), because CMIP5 models tend to produce a symmetric ENSO (Zhang and Sun 2014) . 
